Alcohol consumption is an important environmental factor in the development of essential hypertension (EH) and cardiovascular disease. Several epidemiological studies have investigated the association between hypertension and acetaldehyde dehydrogenase 2 (ALDH2) genotype, although the results are inconsistent. The aim of the present study was to evaluate the possible effect of drinking behavior on the ALDH2-EH relationship in a Chinese Han population. A total of 1098 unrelated individuals with EH and 1021 controls of Chinese Han ethnicity were included. We evaluated the effect of three tag single-nucleotide polymorphisms on blood pressure (BP) and serum lipid level by blood chemical assays. The major findings were that rs671 guanine/adenine genotype (odds ratio (OR) ¼ 0.45, 95% confidence interval (CI): 0.28-0.74) and A allele (OR ¼ 0.55, 95% CI: 0.36-0.85) were associated with a decreased risk of EH in drinkers. In addition, the rs671 genotype influenced BP, triglyceride (TG) level and high-density lipoprotein cholesterol (HDL-C) level in the same drinking-dependent pattern. Drinkers who carried the A allele displayed lower systolic BP (b ¼ À 0.16, P ¼ 0.001) and TG level (b ¼ À 0.14, P ¼ 0.004) and higher HDL-C level (b ¼ 0.11, P ¼ 0.019), but this association was not observed in nondrinkers. In summary, we present evidence for the association of rs671 in the ALDH2 gene with susceptibility to EH, increase in BP and disturbance of serum lipid profiles in drinkers, but not in nondrinkers. Further functional research is warranted to elucidate the role of rs671 in the variation of BP and lipid levels in EH.
INTRODUCTION
Essential hypertension (EH) is a worldwide health problem, which is especially common in China, 1 contributing to a high incidence of, and mortality from, stroke. 2 Although a substantial genetic contribution to EH has been confirmed by epidemiological studies, the specific genes responsible are yet to be elucidated. 3 One reason for this may be the influence of the combined action of multiple genes with small effect together with a variety of environmental factors in the pathogenesis of EH. 4 In addition, genetic and environmental factors interact with each other in complex ways to influence phenotype, including blood pressure (BP) and serum lipid level. 5 Alcohol consumption is often considered an important environmental factor, amenable to lifestyle modification, in the development of hypertension and cardiovascular disease. 6 It has also been suggested that genetic variation in alcohol-metabolizing enzymes affects the development of hypertension via the regulation of drinking behavior or sensitivity to alcohol. 7 Human acetaldehyde dehydrogenase 2 (ALDH2) is a key enzyme in the major pathway of alcohol metabolism and has variants with markedly different activities as a result of genetic polymorphism. 8 The transition of guanine (G) to adenine (A) at rs671 single-nucleotide polymorphism (SNP) within the ALDH2 gene leads to a glutamate-lysine substitution at codon 487, which produces an inactive subunit of ALDH2, resulting in an inability to metabolize acetaldehyde and a subsequent accumulation of acetaldehyde after alcohol intake. 9 Individuals homozygous or heterozygous for the mutant allele, A, have 18 and 5 times higher peak blood acetaldehyde concentration, respectively, compared with wild-type G allele homozygotes. Therefore, the inactive ALDH2 generally inhibits subjects from heavy drinking by causing acetaldehydemia and alcohol-flushing responses, which include facial flushing, skin redness, tachycardia and drowsiness. 10 Several epidemiological studies, conducted mainly in Japanese men, have investigated the association between hypertension and ALDH2 genotype, although the results were inconsistent. 11, 12 In addition, the ALDH2 gene has also been implicated in altering the serum lipid levels, which may be induced by the cytotoxicity of acetaldehyde. 13 In a recent genome-wide association study identifying common variants associated with BP variation in east Asians, the ALDH2 gene showed a strong association in the Japanese population.
14 However, data on the relationship between the ALDH2 gene and EH in the Chinese Han population is currently limited.
The present case-control study was performed in a Chinese Han population to: (1) estimate association of the ALDH2 gene with EH, (2) evaluate the effect of the ALDH2 genotype on BP and serum lipid levels and (3) test the influence of drinking behavior on the relationship between ALDH2 and EH. 1 
MATERIALS AND METHODS

Ethics statement
All individuals were of Chinese Han origin, residing in the Shanghai metropolitan area, and gave written informed consent for donation of blood samples for genetic analysis and related assays. This study was approved by the Ethics Committee of Ruijin Hospital.
Participants
In total, 1097 unrelated individuals with EH (675 men and 422 women) and 1021 controls subjects (591 men and 430 women) were enrolled in this study. Hypertensive status was defined as systolic BP (SBP) X140 mm Hg, diastolic BP (DBP) X90 mm Hg or individuals taking antihypertensive medication. Patients with a clinical history of secondary hypertension were excluded from the study through extensive clinical and biochemical evaluations.
Demographic and clinical measurements
After the subjects had rested for at least 5 min in the sitting position, SBP and DBP were measured to the nearest 2 mm Hg by auscultation of the Korotkoff sounds, using a standard mercury sphygmomanometer by a trained physician or nurse. The average of three independent BP readings in each participant was used for the current analysis. Body weight and height were recorded with participants wearing light indoor clothing and no shoes. The body mass index (BMI) was also calculated. Information on smoking and drinking habits was obtained by interview. For evaluating drinking habit, a questionnaire was administered that had the following items: number of drinking days per week and daily alcohol intake. For calculating the amount of alcohol consumed (in grams per week), it was assumed that 100 ml of wine contains 9.5 g, 500 ml of beer contains 19.5 g and 100 ml of Chinese distilled spirit contains 35 g of ethanol.
6,15 Current smokers were defined as those who had smoked cigarettes on one or more days in the past 30 days. All the biochemical measurements including fasting plasma glucose and serum concentrations of total cholesterol , triglycerides (TGs), high-density lipoprotein cholesterol (HDL-C) and lowdensity lipoprotein cholesterol (LDL-C) were performed in the Central Laboratory of Ruijin Hospital (Shanghai, China) using the standard protocols.
SNP genotyping
SNP selection and genotyping. Three tag SNPs of the ALDH2 gene, rs4648328, rs11066029 and rs671, were identified by analyzing publicly available International HapMap Project genotyping data from the CHB population. Haplotype blocks were defined by the solid spine of linkage disequilibrium using the Haploview program (version 4.0) (http:// www.broadinstitute.org/scientific-community/science/programs/medical-andpopulation-genetics/haploview), and tag SNPs were then selected with a frequency of X5% (Figure 1 ).
Genomic DNA was extracted from peripheral blood leukocytes using a standard phenol/chloroform procedure, and genotyping was performed using the PCR-based ligation detection reaction (PCR-LDR) method. 16 PCR amplification was performed in a 15-ml reaction volume containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.001% (w/v) gelatin, 300 mM of each dNTP, 0.25 mM of each primer (shown in Supplementary Table 1 ), 1.0 unit of Taq DNA polymerase (Fermentas, Glen Burnie, MD, USA) and 50 ng of genomic DNA. The conditions used for thermal cycling included an initial denaturation at 94 1C for 2 min, followed by 35 cycles at 94 1C for 20 s, 56 1C for 20 s, 72 1C for 40 s and a final elongation at 72 1C for 3min. LDR was performed in 10 ml reaction volumes containing 1.0 ml 10 Â buffer, 0.1 pmol each of the LDR mixed probes (shown in Supplementary Table 2), 5 U Taq DNA Ligase (New England Biolabs, Ipswich, MA, USA) and 2 ml PCR product. LDR had 30 cycles at 94 1C for 30 s and at 56 1C for 3 min. LDR product (1 ml) was mixed with 1 ml ROX passive reference dye (Applied Biosystems, Foster City, CA, USA) and 1 ml loading buffer. The mixture was then denatured at 95 1C for 3 min and chilled rapidly in ice water for analysis with an ABI Prism 3730XL DNA sequencer (Applied Biosystems).
Statistical analysis
The Hardy-Weinberg equilibrium for genotypic distributions was tested using the Chi-square (w 2 ) goodness-of-fit test. Logistic regression analyses were performed to examine associations between genotypes in the EH and control groups. The relative risks of EH were estimated as odds ratios (ORs) with associated 95% confidence intervals (CIs). Linear regression analyses were performed to study the associations between BP and serum lipid levels with genotypic groups in all subjects. The values were expressed as mean±s.d.. Logarithmic or square-root transformation was performed on variables that were not normally distributed. Logistic and linear regression analyses were adjusted for sex, age and BMI. In drinkers, the amount of alcohol consumed was included in the model. Data were analyzed using the SPSS statistical software (version 13.0; SPSS Inc., Chicago, IL, USA). Haplotype frequencies were estimated using an expectation-maximization algorithm to determine maximum likelihood frequencies of multilocus haplotypes. 17 The UNPHASED program (version 3.0.13) (http://www.mrcbsu.cam.ac.uk/personal/frank/software/unphased) was applied to analyze genotyping data using a phase unknown model. 18 As three SNPs were considered, we used Bonferroni correction to account for multiple testing and a two-tailed P-value o0.017 was considered statistically significant.
RESULTS
Comparison of demographic and clinical characteristics in the EH and control groups
The demographic and clinical data of subjects are summarized in Table 1 . Compared with controls, hypertensives appear to have higher BMI, SBP, DBP, fasting plasma glucose and TG levels, whereas the serum total cholesterol and HDL-C levels were significantly lower in this group. No significant differences were observed between the two groups in gender, age or LDL-C. Considering the potential influence of alcohol consumption on EH, we further stratified EH and control subjects according to their drinking behavior. Among normotensives, drinkers were more likely to be men and have higher age, BMI, SBP and fasting plasma glucose, and lower HDL-C level. For hypertensives, drinkers were also more likely to be men but had higher DBP and TG, and lower age and LDL-C. In addition, the percentage of binge drinkers (4260 g per week) in hypertensives was slightly higher than that among normotensives.
Association of genotypes with EH
The w 2 goodness-of-fit test showed that the genotypic distributions of three SNPs did not deviate from Hardy-Weinberg equilibrium in controls. Single-marker analysis identified a weak genotypic association of rs671 with EH (P ¼ 0.042) (data not shown), which was not significant after Bonferroni correction. However, after stratifying subjects by alcohol-drinking behavior, we found some interesting results. In the drinker group, we observed both genotypic (P ¼ 0.003) and allelic (P ¼ 0.008) association with rs671 (see Table 2 ). The rs671 G/A genotype (OR ¼ 0.45, 95% CI: 0.28-0.74) and A allele (OR ¼ 0.55, 95% CI: 0.36-0.85) were associated with decreased risk of EH. As the frequency of the AA genotype was quite low, we also evaluated the association of all rs671 A allele carriers (homozygotes and heterozygotes) with EH; this also demonstrated a significant protective effect even after adjustment for age, gender, BMI and alcohol consumption (P ¼ 0.003, OR ¼ 0.48, 95% CI: 0.29-0.77). In contrast, no significant difference was observed in the distribution of any SNPs between normotensives and hypertensives in nondrinkers or in the distributions of rs4648328 or rs11066029 in drinkers, indicating that the rs671 A allele protects EH subjects from the adverse effects of drinking.
Association of haplotypes with EH To further understand the relationship of the ALDH2 gene with EH, haplotypic analysis was performed. Only haplotypes with a frequency 40.01 were considered in order to avoid deviation due to rare haplotypes. We found that, among drinkers, the distribution of rs4648328, rs11066029 and rs671 haplotypes differed between normotensives and hypertensives (Table 3) . Haplotype C-G-A was identified as protective for EH in this group (OR ¼ 0.57, 95% CI: 0.46-0.70). No equivalent difference was observed in nondrinkers. This result was in accordance with the evidence from a single-locus study, which indicated that the A allele of rs671 has a key role in the haplotype protective for EH.
In light of these results, further analysis was confined to the effect of rs671 on BP and serum lipid levels.
Association of rs671 genotypes with BP and serum lipid levels Among drinkers, our results indicate that the ALDH2 rs671 genotype significantly affects SBP levels (b ¼ À 0.16, P ¼ 0.001) after adjustment for age, gender, BMI and alcohol consumption (see Table 4 ). Subjects carrying A allele displayed lower SBP (126.5±15.0 mm Hg) than those with the GG genotype (132.0±18.9 mm Hg). Because the distortion of BP recordings by antihypertensive treatment has been suggested to obscure underlying genetic effects, 19 we also estimated the relationship between rs671 and BP by adding 10 and 5 mm Hg for SBP and DBP, respectively, to the BPs of subjects undergoing treatment for EH. After this adjustment the difference between rs671 A carriers and GG homozygotes remained significant (b ¼ À 0.17, Po0.001). In nondrinkers, rs671 was not associated with either original or adjusted BP levels.
Of the four lipoprotein parameters analyzed, we detected a significant association among drinkers of rs671 with TG (b ¼ À 0.14, P ¼ 0.004) and a marginal association with HDL-C Abbreviations: HT, hypertension; NT, normotension; OR, odds ratio. SNPs in rs4648328, rs11066029 and rs671 sequence. Data are frequency of each haplotype. Haplotype C-G-G was chosen as the reference. ORs are for test of difference in haplotypic distribution between NT and HT in drinkers and nondrinkers adjusted for gender, age and BMI. In drinkers, the alcohol consumption was adjusted additionally. P-values o0.05 were shown in italic and bold letters. 
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DISCUSSION
This study is the first to analyze the relationship between ALDH2 and hypertension in definite drinking-behavior subgroups in a Chinese Han population. After stratifying by drinking behavior, we identified a significant association of the ALDH2 SNP, rs671, with EH in drinkers, whereby carriers of the A allele demonstrated a decreased risk of EH, even after adjustment for gender, age, BMI and alcohol consumption. In addition, rs671 appears to influence BP, TG and HDL-C in the same drinking-dependent pattern, with the A allele associated with lower SBP and TG and higher HDL-C levels among drinkers, but not nondrinkers. These data indicate that the A allele may have a protective role in drinkers against high BP and low HDL-C levels, which are important risk factors for cardiovascular disease.
Previous studies have focused on associations between BP and individual differences in alcohol sensitivity, including those influenced by ALDH. However, these have examined BP in general populations or have considered alcohol consumption as one covariate, not as a determinant-grouping factor. Most of the early results did not detect a relationship between ALDH2 genotype and hypertension after adjusting for drinking status. [20] [21] [22] Considering the sample limitation (modest size and enrollment of men only) of these studies, in 2009, Tsuchihashi-Makaya et al. 15 performed a large-scale validation study of the general Japanese population and found that rs671 was significantly associated with BP in subgroups of drinkers. Moreover, in a meta-analysis considering studies published before October 2006, on comparing G/G with A/A homozygotes, an association of ALDH2 and hypertension in men was detected with an overall OR of 2.42 for hypertension; in addition, SBP was 7.44 mm Hg greater among G/G than among A/A homozygotes. 7 These results are in accordance with our findings in the Chinese Han population. Moreover, we found that the rs671 polymorphism may be the major factor determining ALDH2 gene effects in the regulation of BP, as only one haplotype, containing the rs671 A allele, was significantly protective. In our cohort, the frequency of ALDH2 rs671 G/G, G/A and A/A genotypes were 57.4%, 37.2% and 5.4%, respectively, for men and 58.8%, 34.9% and 6.3%, respectively, for women, which is similar to the findings in the Japanese population. However, we only detected an effect of rs671 on SBP but not on DBP. The low representation of binge drinkers (16.2%) in the present study may account for this divergence, as rs671 was only associated with DBP in heavy drinkers. 15 In addition, the low frequency of the A/A genotype among drinkers prevented comparison of DBP between A/A and G/G or A/G genotypes; this comparison was significant in the meta-analysis by Chen et al. 7 Although the reasons for the rs671 A allele having a protective effect on EH only in drinkers is still unclear, the vasodilating effect of acetaldehyde may account for some part of the effect. The expression of the A allele results in an inactive subunit of ALDH2 and an inability to metabolize acetaldehyde, leading to the accumulation of acetaldehyde after alcohol intake. It is reported that acetaldehyde can lead to vasodilatation directly; in addition, it can activate the kinin system and the release of prostacyclin, which are well-known vasodilatory factors. Of course, the amount and velocity of alcohol intake may also influence the relationship between acetaldehyde concentration and BP, which would be an interesting avenue for further research. One notable finding in our study was that drinking behavior can also modify the relationship between ALDH2 rs671 genotype and serum HDL-C level; this finding is contrary to most previous studies. These discrepancies may be due to the different study populations. Almost all previous work devoted to testing the relationship between ALDH2 genotype and HDL-C level has been performed in population-based controls or myocardial infarction patients, as rs671 A/A may increase the risk of myocardial infarction. 23 Takagi et al. 24 reported that the A allele (both in homozygotes and heterozygotes) is associated with lower serum HDL-C levels, independent of alcohol consumption, in a Japanese population. In addition, Japanese women carrying the ALDH2 G/G homozygous genotype displayed reduced serum levels of lipid peroxides even after adjustment for alcohol intake. 25 Guo et al. 26 evaluated HDL-C levels in nondrinking subjects of Chinese Han origin, and found that the homozygous rs671 A/A genotype was associated with significantly lower HDL-C concentrations compared with G/G homozygotes.
To the best of our knowledge, this is the first study to compare HDL-C levels among rs671 genotypes in hypertensives stratified by drinking status. It is established that modest doses of ethanol beneficially increase plasma HDL-C level and reduce BP. Although the specific mechanism underlying this phenomenon requires clarification, our results indicate that the rs671 mutant allele increased the beneficial effect of alcohol on hypertensives in our cohort.
Evidently, this study should be interpreted within the context of its limitations. First, several studies divided the drinkers into light, binge and alcohol-dependent categories, whereas our analysis only classified subjects as drinkers or nondrinkers because of the small number of subjects in each subgroup. However, here we adjusted for alcohol consumption in investigating the relationship between rs671 and hypertension, and this may partially account for the influence of drinking habit. Second, as the present study is a cross-sectional one, we cannot draw any conclusion about a direct relationship between the ALDH2 gene and hypertension; replication in an independent sample will be required to confirm these results. Third, this study analyzed only casual BP, which may overestimate the pressor effect of alcohol in individuals. Finally, other enzymes associated with aldehyde metabolism, such as alcohol dehydrogenase 2, also need to be considered in future studies.
In conclusion, we found some evidence for the association of rs671 in the ALDH2 gene with susceptibility to EH, increase in BP and disturbance of serum lipid profiles in drinkers, but not in nondrinkers. Further functional research is warranted to elucidate the role of rs671 on the variation of BP and lipid level in individuals with EH.
What is known about this topic
Several epidemiological studies have investigated the association between hypertension and the ALDH2 genotype, which were performed mainly in Japanese men and the results were inconsistent. In the recent genome-wide association study indentifying the association of common variants with BP variation in east Asians, the ALDH2 gene rs671 showed strong association signals for SBP and DBP in a Japanese population.
What this study adds
We evaluated the possible effect of drinking behavior on the ALDH2-EH relationship in a Chinese Han population. We found the association of rs671 G/A genotype and A allele with the decreased risk of EH in drinkers. In addition, the rs671 influenced BP, TGs and HDL-C in the same drinking-dependent pattern.
